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The NAD(P)H Oxidase Homolog Nox4 Modulates Insulin-Stimulated
Generation of H2O2 and Plays an Integral Role in Insulin
Signal Transduction
Kalyankar Mahadev,1 Hiroyuki Motoshima,1 Xiangdong Wu,1 Jean Marie Ruddy,1
Rebecca S. Arnold,2 Guangjie Cheng,2 J. David Lambeth,2
and Barry J. Goldstein1*
Dorrance H. Hamilton Research Laboratories, Division of Endocrinology, Diabetes and Metabolic Diseases, Department
of Medicine, Jefferson Medical College, Thomas Jefferson University, Philadelphia, Pennsylvania 19107,1 and
Department of Pathology and Laboratory Medicine, Emory University School of Medicine,
Atlanta, Georgia 303222

Insulin stimulation of target cells elicits a burst of H2O2 that enhances tyrosine phosphorylation of the
insulin receptor and its cellular substrate proteins as well as distal signaling events in the insulin action
cascade. The molecular mechanism coupling the insulin receptor with the cellular oxidant-generating apparatus has not been elucidated. Using reverse transcription-PCR and Northern blot analyses, we found that
Nox4, a homolog of gp91phox, the phagocytic NAD(P)H oxidase catalytic subunit, is prominently expressed in
insulin-sensitive adipose cells. Adenovirus-mediated expression of Nox4 deletion constructs lacking NAD(P)H
or FAD/NAD(P)H cofactor binding domains acted in a dominant-negative fashion in differentiated 3T3-L1
adipocytes and attenuated insulin-stimulated H2O2 generation, insulin receptor (IR) and IRS-1 tyrosine
phosphorylation, activation of downstream serine kinases, and glucose uptake. Transfection of specific small
interfering RNA oligonucleotides reduced Nox4 protein abundance and also inhibited the insulin signaling
cascade. Overexpression of Nox4 also significantly reversed the inhibition of insulin-stimulated IR tyrosine
phosphorylation induced by coexpression of PTP1B by inhibiting PTP1B catalytic activity. These data suggest
that Nox4 provides a novel link between the IR and the generation of cellular reactive oxygen species that
enhance insulin signal transduction, at least in part via the oxidative inhibition of cellular protein-tyrosine
phosphatases (PTPases), including PTP1B, a PTPase that has been previously implicated in the regulation of
insulin action.

signaling responses, including activation of protein kinase Akt
and the stimulation of glucose uptake and other metabolic
responses in specific cell types (23, 45). In parallel, insulin also
activates cellular growth pathways mediated by Erk mitogenactivated protein kinases (MAPKs). In addition to these signaling events, our investigators have recently demonstrated
that insulin stimulation of adipose and hepatoma cells leads to
the rapid generation of cellular reactive oxygen species that
facilitates both early and distal signal transduction through the
insulin action pathway (34, 35). The effect of insulin-stimulated
oxidant species is mediated at least in part via the oxidative
inhibition of cellular protein-tyrosine phosphatases (PTPases),
which depend on a reduced thiol moiety for catalytic activity
and are normally inhibitory to insulin signal transduction (19,
37). PTP1B, in particular, has been considered to be a major
candidate PTPase for the regulation of insulin action in a
variety of studies, including knockout mouse models (13, 18,
25).
The molecular components of the insulin-responsive oxidant-generating activity in cell types that are targets for insulin
action have not been identified. Previous work has demonstrated that the catalytic activity of the insulin-responsive system has enzymatic characteristics consistent with an NAD(P)H
oxidase activity, catalyzing the reduction of molecular oxygen
to generate superoxide, which undergoes subsequent dismuta-

The elaboration of a large amount of cellular reactive oxygen species by hematopoietic phagocytic cells is essential for
host defenses in bactericidal killing (1). However, more recently it has been appreciated that low levels of cellular oxidants, including superoxide and H2O2, are produced in a rapid
temporal response to cellular growth factor and cytokine stimulation and are integral to the regulation of a variety of intracellular signaling pathways (41). Cellular reactive oxygen species have been shown to be elaborated in response to
epidermal growth factor, platelet-derived growth factor, transforming growth factor ␤, and other growth factors (2, 3, 22, 37,
41) as well as with insulin stimulation (29, 34, 35).
Insulin signaling is initiated by the phosphorylation of specific tyrosyl residues of the cell surface insulin receptor, which
activates its exogenous kinase activity and promotes the phosphorylation of IRS proteins on specific tyrosine residues (42).
Much of insulin’s downstream signaling to metabolic events
involves the activation of phosphatidylinositol (PI) 3⬘-kinase
activity by the docking of its p85 subunit to tyrosine-phosphorylated IRS-1 and IRS-2, which is linked to a network of distal
* Corresponding author. Mailing address: Division of Endocrinology and Metabolic Diseases, Department of Medicine, Jefferson Medical College, Jefferson Alumni Hall, Suite 349, 1020 Locust St., Philadelphia, PA 19107-6799. Phone: (215) 503-1272. Fax: (215) 923-7932.
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MATERIALS AND METHODS
Materials. Cell culture media and reagents were from Invitrogen (Carlsbad,
Calif.); serum was from HyClone (Logan, Utah). 3T3-L1 cells were originally
obtained from the American Type Culture Collection (Rockville, Md.). Human
simian virus 40 (SV40)-transformed microvascular endothelial (HADMEC-5)
cells (16) were a gift from John Flynn (Thomas Jefferson University). Human
subcutaneous and omental adipose tissues were obtained at surgery with proper
consent and procedures in accordance with the Institutional Review Board of
Thomas Jefferson University. siRNAs were purchased from Dharmacon (Lafayette, Colo.). The Adeno-X expression system and rapid titer kit were from BD
Biosciences (Palo Alto, Calif.). Recombinant human insulin was obtained from
Sigma (St. Louis, Mo.). 5,6-Chloromethyl-2,7-dichlorodihydrofluorescein diacetate (CM-DCF-DA) was from Molecular Probes (Eugene, Oreg.); enhanced
chemiluminescence (ECL) reagents were from NEN Life Science Products (Boston, Mass.). Monoclonal antiphosphotyrosine (4G10) and polyclonal antibodies
to the insulin receptor ␤-subunit, IRS-1, and the p85 subunit of PI 3⬘-kinase were
from Upstate Biotechnology (Lake Placid, N.Y.). Antibodies to phosphorylated
Akt (Ser473) and Akt protein (not isoform specific) and phospho-Erk1/2 MAPK
were from New England Biolabs (Beverly, Mass.). A monoclonal antibody to
PTP1B (Ab-2) was obtained from Oncogene Research Products (San Diego,
Calif.). Tris-acryl protein G was from Pierce (Rockford, Ill.). Horseradish peroxidase-conjugated secondary anti-mouse and anti-rabbit immunoglobulin G
antibodies were obtained from Amersham Pharmacia Biotech (Piscataway, N.J.),
2-deoxy-D-[3H]glucose was purchased from ICN (Costa Mesa, Calif.). All other
chemicals and reagents, unless otherwise noted, were obtained from Sigma.

FIG. 1. Schematic structure of Nox4 wild-type and deletion constructs expressed in 3T3-L1 cells by adenoviral gene delivery. The
full-length wild-type Nox4 protein is shown with the major functional
domains indicated. The construct with the deleted NAD(P)H binding
domain is designated ⌬NADPH, and the construct with both cofactor
domains deleted is indicated as ⌬FAD/NADPH.

Cell culture. 3T3-L1 preadipocytes were cultured in Dulbecco’s modified Eagle’s medium containing 25 mM glucose (DMEM) plus 10% fetal calf serum in
a 5% CO2 atmosphere and were differentiated to adipocytes as previously described (35). Briefly, confluent cells were placed in differentiation medium
(DMEM containing 10% fetal bovine serum, 100 nM insulin, 0.25 M dexamethasone, and 500 M isobutylmethylxanthine) for 2 days. The medium was
then changed to DMEM containing 10% fetal bovine serum and 100 nM insulin.
After an additional 6 days of incubation, the cells were used in the indicated
experiments.
RT-PCR and Northern blot analysis for NAD(P)H catalytic subunit homologs.
Reverse transcription-PCR (RT-PCR) was performed as described by Cheng et
al. (8). For Northern analysis, total RNA was isolated from differentiated 3T3-L1
adipocytes using the TRIzol reagent (Invitrogen). Human HepG2 hepatoma
cells, human HL-60 promyelocytic leukemia cells, and murine MMC (SV40transformed glomerular mesangial cells) were used as positive controls for Nox1,
Nox2, and Nox4, respectively. RNA was separated electrophoretically on formaldehyde-agarose gels, transferred to Hybond-N⫹ membrane (Amersham Biosciences), and hybridized with C-terminal cDNA probes of murine Nox1, Nox2,
and Nox4 according to the manufacturer’s recommendations (NorthernMax;
Ambion, Austin, Tex.). cDNA probes were synthesized using the RT-PCR
method (Invitrogen) and sequenced before probing to Hybond-N⫹ membranes
to confirm their sequence specificity. Primers used for cDNA probe synthesis
were Nox1 (forward, 5⬘-AAG TGG CTG TAC TGG TTG GG-3⬘; reverse,
5⬘-CCA CAT AAG AAA ACC CCC ACC G-3⬘; cDNA length, 411 bp), Nox2
(forward, 5⬘-CCA GTG AAG ATG TGT TCA GCT A-3⬘; reverse, 5⬘-AGG
GTG TTC ACT TGC AAT GGT C-3⬘; cDNA length, 406 bp), and Nox4
(forward, 5⬘-GAA GCC CAT TTG AGG AGT CA-3⬘; reverse, 5⬘-GGG TCC
ACA GCA GAA AAC TC-3⬘; cDNA length, 409 bp).
Generation of recombinant wild-type and Nox4 deletion constructs in adenoviral vectors. The human wild-type Nox4 cDNA was cloned as described previously (8). cDNA constructs for dominant-negative Nox4 lacking NAD(P)H or
FAD-NAD(P)H binding domains were generated by removing C-terminal sequences from the wild-type Nox4 cDNA encoding 578 amino acids (GenBank
accession number AF254621) for ⌬NAD(P)H (including start codon through
1,150 bp; amino acids 1 to 383) or for ⌬FAD-NAD(P)H (start codon through 938
bp; amino acids 1 to 312) (Fig. 1). These cDNA constructs were introduced into
defective Ad-5 adenoviruses using the Adeno-X expression system, which is
driven by the human cytomegalovirus immediate-early promoter-enhancer and
also contains a bovine growth hormone polyadenylation signal, according to the
instructions provided by the manufacturer (BD Biosciences). The presence of the
intact cDNA inserts was characterized in recombinant adenovirus DNA purified
from transfected 293 cells by PCR. Recombinant virus was recovered from a
large-scale preparation of adenovirus from 293 cells, and titers were determined
using the Adeno-X rapid titer kit (BD Biosciences). A recombinant adenovirus
encoding bacterial ␤-galactosidase was used as control.
Adenoviral transduction of 3T3-L1 adipocytes. 3T3-L1 adipocytes were transduced with recombinant adenovirus according to an established protocol (40).
Briefly, after differentiation in 3T3-L1 cells, the various recombinant adenovirus
constructs (600 infection-forming units/cell) were preincubated for 100 min at
room temperature in DMEM containing 0.5% bovine serum albumin (BSA) and
0.5 g of polylysine/ml. After preincubation, adenovirus infection of 3T3-L1
adipocytes was performed by overnight incubation in DMEM containing 0.5%
BSA. The next day, the medium was replaced with complete medium containing
10% fetal bovine serum and 100 nM insulin; 72 h posttransduction, the cells were
used for experiments after starving overnight with serum-free medium.
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tion to generate H2O2 (26–28, 38). The prototypic NAD(P)H
oxidase complex from phagocytic cells has been extensively
characterized. It consists of six subunits, including two plasma
membrane-associated proteins, gp91phox and p22phox, which
comprise flavocytochrome b558, and four cytosolic factors,
p47phox, p67phox, p40phox, and rac (1). The catalytic
gp91phox subunit (also now known as Nox2) contains C-terminal homology to known flavoprotein dehydrogenases and
consensus sequences comprising a putative NAD(P)H binding
site (9, 39). Nox2 has recently been used in cloning studies to
identify a small family of five homologous Nox [NAD(P)H
oxidase] enzymes which are variably expressed in different tissues (8, 30).
To initiate studies into the molecular mechanism of the
insulin-induced oxidant species in insulin-sensitive cells, in the
present work we first identified that Nox4 was a prominent
NAD(P)H oxidase catalytic subunit homolog expressed in adipose cells. Overexpression of wild-type Nox4 and Nox4 constructs lacking cofactor binding domains for NAD(P)H or
FAD/NAD(P)H using adenovirus-mediated gene delivery in
differentiated 3T3-L1 adipocytes revealed that the deletion
constructs function as dominant negatives and suppress insulin-induced cellular oxidant generation and insulin signaling,
including tyrosine phosphorylation of the insulin receptor and
its substrate protein IRS-1, and attenuate the activation of
downstream signaling kinases as well as glucose uptake. In
parallel studies, reduction of Nox4 protein mass by transfection of specific small interfering RNA (siRNA) constructs also
resulted in inhibition of the insulin action cascade. Overexpression of Nox4 also significantly reversed the inhibition of insulin-stimulated insulin receptor tyrosine phosphorylation induced by coexpression of PTP1B by inhibiting the catalytic
activity of PTP1B. These data suggest that Nox4 provides a
novel link between the insulin receptor and the generation of
cellular reactive oxygen species that enhance insulin signal
transduction via the oxidative inhibition of cellular PTPases,
including PTP1B.
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(vol/vol) slurry of protein A-agarose at 4°C, pelleted by centrifugation in a
microcentrifuge, and washed three times with ice-cold lysis buffer. SDS gel
sample buffer was then added, and the samples were heated to boiling, processed
by SDS gel electrophoresis, and transferred to PVDF membranes. Membranes
were probed overnight with antibody to the p85 noncatalytic subunit of PI
3⬘-kinase. Following incubation with horseradish peroxidase-conjugated secondary antibodies, bound antibody was detected using ECL. To reprobe the blot, the
membrane was incubated for 30 min at 50°C in stripping buffer (62.5 mM
Tris-HCl [pH 6.8], 100 mM 2-mercaptoethanol, and 2% SDS) and then washed
several times with TBST (20 mM Tris-HCl [pH 7.6], 137 mM NaCl, and 0.1%
Tween 20). The PVDF membrane was reprobed with the IRS-1 antibody, and
bound antibody was detected as described above.
Glucose uptake in 3T3-L1 adipocytes. Adenovirus-transduced or siRNA-transfected 3T3-L1 adipocytes were starved for serum for 4 h, washed with KRPH
buffer (5 mM Na2HPO4, 20 mM HEPES [pH 7.4], 1 mM MgSO4, 1 mM CaCl2,
136 mM NaCl, 4.7 mM KCl, 0.2% [wt/vol] BSA), and treated with 100 nM insulin
in KRPH buffer where indicated. Following 11 min of incubation with insulin,
glucose uptake was assessed by the addition of 100 M 2-deoxy-D-glucose containing 0.5 Ci of [3H]2-deoxy-D-glucose as described previously (14). The reaction was stopped 4 min later by washing the cells three times with ice-cold
phosphate-buffered saline. The cells were then solubilized in 0.05% (wt/vol) SDS
at 37°C for 30 min, and aliquots were subjected to scintillation counting. Nonspecific uptake (⬍10% of the total) was determined in the presence of cytochalasin B (50 M) and was subtracted from the total uptake.
Specific activity of PTP1B. Under strictly anaerobic conditions to preserve the
endogenous level of catalytic activity and avoid air oxidation (47), PTP1B was
immunoprecipitated from lysates of transduced 3T3-L1 adipocytes (375 g of
protein) with a monoclonal antibody directed at a C-terminal epitope that preserves its enzymatic activity (Ab-2) followed by adsorption to Tris-acryl protein
G. PTPase activity was measured by the hydrolysis of para-nitrophenyl phosphate
in the anaerobic chamber in washed immunoprecipitates as our investigators
have reported previously (35). The reaction was terminated by the addition of 50
l of 1 M NaOH, and the absorption was determined at 410 nm.
Statistical analyses. Quantitative data are presented as the mean ⫾ standard
error of the mean for three to five experiments. Statistical analysis was based on
Student’s t test for comparison of two groups and one-way analysis of variance for
multiple group comparisons. A P value less than 0.05 was used to determine
statistical significance.

RESULTS
Expression of Nox family homologs in insulin-sensitive
cells. Using RT-PCR techniques as reported previously (8), we
identified relatively high expression of Nox4 in human subcutaneous and omental adipose tissue, human HepG2 hepatoma
cells, and SV40-transformed human endothelial (HADMEC-5) cells compared to other Nox family homologs, including Nox1, Nox2, Nox3, Nox5, Duox1, and Duox2 (Fig. 2A). We
then confirmed the relatively high abundance of Nox4 mRNA
and undetectable mRNA expression for Nox1 and Nox2 in
differentiated 3T3-L1 adipocytes by RT-PCR and Northern
blot analysis, using positive control cell lines known to express
the candidate Nox homologs (Fig. 2B and C). The expression
of Nox2 in the adipose tissue samples shown in Fig. 2A is likely
due to the presence of this abundant leukocyte homolog
(gp91phox) in trapped blood cells that were captured in the
RNA sample.
Protein expression of Nox4 in 3T3-L1 cells was confirmed
using a specific antibody for Nox4 made to a recombinant
protein antigen encoding the C-terminal region of the protein
(Fig. 3A). These data raised the possibility that the NAD(P)H
oxidase homolog Nox4 might play a role in insulin-stimulated
oxidant production in adipose cells.
Expression of recombinant Nox4 constructs and PTP1B in
3T3-L1 adipocytes. In order to test this hypothesis more directly, we used adenovirus-mediated gene delivery to overexpress recombinant Nox4 constructs including wild-type and

Downloaded from mcb.asm.org at Thomas Jefferson Univ on December 5, 2007

Detection of the transduced Nox4 deletion constructs was performed by RTPCR, since the available antibody to Nox4 was directed at a C-terminal protein
epitope that is lacking in both of the recombinant constructs. Using reagents
provided by Ambion, oligo(dT)-directed RT of cellular RNA was followed by 35
cycles of PCR with a reverse primer (5⬘-AATGATGGTGACTGGC-3⬘) and a
forward primer (5⬘-TCTCAGTGAATTACAGT-3⬘) to generate a Nox4 fragment of 550 bp.
Transfection of siRNAs into 3T3-L1 adipocytes. The following siRNAs were
designed to target the murine Nox4 cDNA sequences: siRNA 1 (5⬘-AACGAA
GGGGTTAAACACCTC-3⬘); siRNA 3 (5⬘-AAAAGCAAGACTCTACACAT
C-3⬘); scrambled, control siRNA (5⬘-CAGTCGCGTTTGCGACTGG-3⬘)
(Dharmacon, Inc.). Either 20 nmol of scrambled or siRNA 1 or 3, or 10 nmol
each of siRNA 1 and siRNA 3 was electroporated into differentiated 3T3-L1
adipocytes as described elsewhere (6). Briefly, cells were electroporated with
siRNA and reseeded in six-well plates; 48 h later, cells were starved for 4 h and
stimulated without or with insulin (100 nM) for 5 min prior to lysis with ice-cold
buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton X-100, 100
mM sodium fluoride, 1 mM EGTA, 1 mM EDTA, 2 mM sodium vanadate, 10
mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, and a protease
inhibitor cocktail (Sigma). For immunoprecipitation of Nox4 protein, lysates
were briefly sonicated and cleared by centrifugation at 13,000 ⫻ g for 10 min,
followed by immunoprecipitation using the polyclonal Nox4 antibody, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transfer onto
polyvinylidene difluoride (PVDF) membranes, and Western blotting with Nox4specific antibody using standard methods.
The Nox4 antibody was generated from a His-tagged recombinant fragment of
human Nox4 encoding the C-terminal amino acids 320 to 428, which has 95%
homology with murine Nox4 in that region. After purification on a nickelnitrilotriacetic acid column (Qiagen), a polyclonal antibody was generated in
rabbits. The rabbit antiserum was purified on a protein A column and also passed
through a bacterial lysate column (Pierce) to remove nonspecific reactivity with
Escherichia coli antigens.
Assay of intracellular H2O2 in 3T3-L1 adipocytes. Intracellular generation of
H2O2 was visualized as described previously (2, 5, 35). After wild-type and
dominant-negative Nox4 encoding recombinant adenovirus transduction into
3T3-L1 adipocytes, cells were stimulated with insulin (100 nM) for 5 min. Following stimulation, 3T3-L1 adipocytes were washed with minimal essential medium (lacking phenol red) and then incubated in the dark for 10 min with
CM-DCF-DA. The fluorescence of CM-DCF-DA was measured by using a
Bio-Rad confocal microscope at an excitation wavelength of 488 nm and emission at 515 to 540 nm. To avoid photooxidation of the indicator dye, the fluorescence image was collected by a single rapid scan with identical parameters for
all samples. Where indicated, the fluorescence intensity was quantitated from
sampled images using Scion Image software (Scion Corporation, Frederick,
Md.).
Immunoblotting. After wild-type and dominant-negative Nox4-encoding or
wild-type and dominant-negative PTP1B-encoding recombinant adenovirus
transduction or siRNA transfection into 3T3-L1 adipocytes, cells were stimulated
with insulin for 5 min and then lysed in buffer containing 50 mM HEPES (pH
7.5), 150 mM NaCl, 1% Triton X-100, 100 mM sodium fluoride, 1 mM EGTA,
1 mM EDTA, 2 mM sodium vanadate, 10 mM sodium pyrophosphate, 1 mM
phenylmethylsulfonyl fluoride, and a protease inhibitor cocktail (Sigma). The
lysates were briefly sonicated and centrifuged at 13,000 ⫻ g for 10 min, and 75 g
of protein of the cleared supernatant was resolved by SDS-PAGE and transferred to PVDF membrane using a semidry Western blotting apparatus (AP
Biotech). PVDF membranes were subjected to immunoblotting with either
monoclonal antibody for phosphotyrosine (4G10) to detect insulin receptor
␤-subunit and IRS tyrosine phosphorylation, polyclonal antibody to detect phospho-Akt, and monoclonal antibody to detect phospho-Erk1/2 MAPK, or additional antibodies to detect total protein levels of the insulin receptor ␤-subunit,
IRS-1, Akt, and ERK1/2 MAPK where indicated. Following incubation with
horseradish peroxidase-conjugated secondary antibodies, proteins were visualized by ECL according to the instructions provided by the manufacturer. The
immunoblotting signals were quantitated using an ImageStation 440 (Kodak).
Protein was measured by the method of Bradford (7).
Immunoprecipitation of IRS-1 to assess p85 (PI 3ⴕ-kinase subunit) binding.
Cell treatments and preparation of lysates from 3T3-L1 adipocytes were performed as described above. Briefly, cells were serum starved overnight in DMEM
containing 0.5% BSA. After stimulation with insulin as indicated, cells were
snap-frozen with liquid nitrogen and lysed in ice-cold lysis buffer. The lysates
were briefly sonicated and centrifuged at 15,000 ⫻ g for 10 min. After normalizing the protein concentration, cleared lysates were incubated with IRS-1 antibody overnight at 4°C. The samples were then incubated for 2 h with a 50%
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FIG. 2. Expression of Nox family homologs in adipose tissue and various cultured cells. (A) RT-PCR of Nox family homologs. Total RNA was
prepared using the TRIzol reagent, and RT-PCR was performed with primers specific for human Nox1, Nox2, Nox3, Nox4, Nox5, Duox1, and
Duox2 in human subcutaneous and omental adipose tissue, HepG2 hepatoma cells, and SV40-transformed human microvascular endothelial
(HADMEC-5) cells using previously reported techniques (8). N1 to N5, Nox1 to Nox5; D1 and D2, Duox 1 and 2; G, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as an internal control; M, molecular size markers. (B) RT-PCR was performed using RNA isolated from differentiated
3T3-L1 adipocytes as described in Materials and Methods using primers for PCR analysis that were specific to murine Nox family homologs Nox1,
Nox2, and Nox4. Control cell lines included CMT-93 (murine colon carcinoma cells), HL-60 (human leukemia cells), and MMC (murine mesangial
cells). (C) Northern blot analysis of Nox4 mRNA expression in differentiated 3T3-L1 adipocytes. Total RNA was isolated from the indicated cells
using the TRIzol reagent, and Northern blot analysis using Nox1-, Nox2-, and Nox4-specific cDNA probes or GAPDH as a loading and transfer
control was performed as described in Materials and Methods.

two deletion mutants, one lacking the NAD(P)H binding domain and the other lacking both the FAD and NAD(P)H
binding domains, as well as a recombinant ␤-galactosidase
construct as control. Seventy-two hours postinfection, no cytotoxicity was apparent in the cells transduced with any of the
constructs. Since the only available Nox4 antibody was directed
at the C-terminal heme binding domain of Nox4, we could not

perform Western blotting to characterize the level of expression of the recombinant constructs. However, expression of
mRNA for each of the transduced Nox4 constructs was detected using RT-PCR (Fig. 3B). The predicted 550-bp cDNA
band revealed comparable expression of wild-type human
Nox4 as well as the two deletion constructs expressed in
3T3-L1 adipocytes. Since the PCR primers were homologous
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only to the transduced human Nox4 sequence, no cDNA band
was detected in the nontransduced or the ␤-galactosidasetransduced murine 3T3-L1 adipocytes.
For comparison with the studies on the effects of Nox4,
3T3-L1 adipocytes were also transduced with recombinant
wild-type human PTP1B and a site-directed catalytically inactive mutant enzyme (Cys2153Ser) using the same adenovirus
system (12). By Western blot analysis, the level of PTP1B
protein in the transduced 3T3-L1 adipocytes was increased 10to 15-fold compared with cells transduced with the ␤-galactosidase-encoding adenovirus (Fig. 3C).
Effect of expression of recombinant Nox4 and PTP1B on the
insulin-induced oxidant signal. Insulin-stimulated generation
of cellular reactive oxygen species was measured in the transduced 3T3-L1 adipocytes after loading with the sensitive fluorescent oxidant indicator dye CM-DCF-DA (35). At 72 h postadenoviral infection, adipocytes were stimulated with 100 nM
insulin for 5 min, and in control cells a rapid increase in
intracellular DCF fluorescence was detected within 1 min using
confocal microscopy (Fig. 4). Compared to controls (either
uninfected or those infected with recombinant ␤-galactosidase), insulin-induced DCF fluorescence was increased by 21%
(P ⫽ 0.02) in cells overexpressing wild-type Nox4. Importantly,
insulin-induced oxidant generation was sharply attenuated by
72 to 75% in cells transduced with either of the Nox4 deletion
constructs (P ⬍ 0.001). These findings are consistent with the
deletion constructs acting in a dominant-negative fashion to
inhibit insulin-induced oxidant generation, and they provide
strong evidence that the NAD(P)H oxidase system in adipocytes involves the catalytic activity of Nox4. In parallel, overexpression of wild-type PTP1B, but not the catalytically inactive mutant, suppressed insulin-stimulated oxidant generation
to a similar extent as the Nox4 deletion constructs, further
suggesting that the post-insulin receptor signal transduction
cascade is largely coupled to the generation of the oxidant
signal (Fig. 4).
Effects of expression of recombinant Nox4 and PTP1B constructs on insulin receptor and IRS tyrosine phosphorylation.
The effects of Nox4 or PTP1B on insulin-induced tyrosine
phosphorylation of the insulin receptor (Fig. 5A) and IRS-1/2
(Fig. 5B) were then assessed using Western blot analysis with
antiphosphotyrosine antibody. In untransduced cells, insulin
stimulation for 5 min increased insulin receptor tyrosyl phosphorylation by five- to sixfold and IRS-1/2 tyrosyl phosphorylation by three- to fourfold. Adenovirus-directed ␤-galactosidase expression had no effect on basal or insulin-stimulated
insulin receptor or IRS-1/2 tyrosyl phosphorylation. Overexpression of wild-type Nox4 or inactive PTP1B did not affect
basal or insulin-stimulated insulin receptor or IRS protein
tyrosine phosphorylation. In cells expressing either of the dominant-negative Nox4 constructs, however, insulin-stimulated
phosphorylation was decreased by 46 to 56% for the insulin
receptor (P ⫽ 0.001) and 28 to 58% for the IRS proteins (P ⫽
0.01) versus control cells transduced with ␤-galactosidase. For
comparison, wild-type PTP1B transduction sharply reduced
the insulin-stimulated tyrosine phosphorylation of the insulin
receptor-␤ subunit and IRS-1/2 proteins by 65% (P ⬍ 0.001)
and 73% (P ⬍ 0.001), respectively.
Effect of siRNA-induced reduction of Nox4 protein mass on
insulin-stimulated insulin receptor tyrosine phosphorylation.

Downloaded from mcb.asm.org at Thomas Jefferson Univ on December 5, 2007

FIG. 3. Expression of Nox4 protein in 3T3-L1 adipocytes after
transfection of siRNA oligonucleotides and expression of recombinant
Nox4 mRNA and PTP1B protein in 3T3-L1 adipocytes following adenovirus-mediated gene delivery. (A) 3T3-L1 adipocytes were transfected with Nox4-specific (siRNA 1, 3, or both together) or a scrambled control siRNA oligonucleotide and reseeded in six-well plates (6).
After 48 h of incubation, cell lysates were prepared and incubated with
Nox4 polyclonal antibody to immunoprecipitate Nox4 protein. Immunoprecipitates were separated by SDS-PAGE and reblotted with Nox4
antibody as described in Materials and Methods. A representative blot
demonstrating expression of Nox4 protein at ⬃65 kDa and a reduction
in Nox4 abundance following loading of specific siRNA oligonucleotides is shown. Protein expression for the insulin receptor ␤-subunit is
shown as an experimental control. The bar graph shows mean data
from replicate immunoblots quantitated using ImageStation 440
(Kodak). *, P ⫽ 0.05; **, P ⫽ 0.01 versus control cells transfected with
the scrambled siRNA. (B) At 72 h following transduction of differentiated 3T3-L1 adipocytes with adenovirus encoding ␤-galactosidase or
the indicated Nox4 constructs, total RNA was prepared using the
TRIzol reagent and RT-PCR was performed with Nox4-specific primers as described in Materials and Methods. Nox4 was detected as a
⬃550-bp band in the ethidium bromide-stained agarose gel. (C) Cell
lysates were prepared from 3T3-L1 cells 72 h after transduction with
control adenovirus encoding ␤-galactosidase, wild-type PTP1B, or a
site-directed catalytically inactive (Cys2153Ser) PTP1B construct
(mPTP1B). Proteins were separated by SDS-PAGE and immunoblotted with PTP1B antibody as described in Materials and Methods. The
50-kDa PTP1B protein band is indicated. Protein expression for the
insulin receptor ␤-subunit is shown as an experimental control.
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To provide confirmatory evidence into the potential role of
Nox4 in the insulin signaling pathway, we also performed experiments in which Nox4 protein abundance was reduced by
loading 3T3-L1 adipocytes with siRNA constructs directed at
murine Nox4. Forty-eight hours after transfection, immunoprecipitation of Nox4 and Western blotting demonstrated that
loading with siRNA 1 or siRNA 3 resulted in a 32 and 30% (P
⫽ 0.05) decrease in Nox4 protein mass, respectively, while cells
transfected with a mixture of both siRNAs had a decrease in
Nox4 protein to 50% (P ⫽ 0.01) of the control level in cells
transfected with a scrambled, control siRNA preparation (Fig.
3A). There was no change in the mass of the insulin receptor
␤-subunit, which was used as an internal control.
Following stimulation with insulin, the siRNA-transfected
cells with reduced endogenous Nox4 expression demonstrated
a 49 to 64% (P ⫽ 0.01) decrease in insulin receptor tyrosyl
phosphorylation compared to the control cells transfected with
the scrambled siRNA controls (Fig. 5D). Thus, cellular reduction of Nox4 protein abundance significantly affected the initiation of the insulin signaling cascade to a similar degree as
the dominant-negative effects of the transduced Nox4 deletion
constructs (Fig. 5A).
Effect of expression of recombinant Nox4 constructs and
wild-type PTP1B on PI 3ⴕ-kinase p85 subunit binding to IRS-1.
We next assessed whether the effects of Nox4 affected downstream insulin signaling to the PI3⬘-kinase pathway in the
3T3-L1 cells (Fig. 6). Overexpression of wild-type Nox4 itself
did not significantly affect the insulin-stimulated association
between the p85 subunit of PI 3⬘-kinase and IRS-1. However,
in cells overexpressing the Nox4 FAD-NAD(P)H deletion construct or wild-type PTP1B, the stimulation of the p85 subunit
association with IRS-1 was reduced by 30 to 33% compared to
control (P ⬍ 0.001).

Effect of transfection of Nox4 siRNA on insulin-stimulated
Akt phosphorylation. To evaluate whether a reduction in Nox4
mass affected insulin signaling to downstream kinases, 48 h
after loading with Nox4 siRNA, cells were starved for 4 h in
DMEM with 0.5% BSA and then treated with 100 nM insulin
for 5 min. Immunoblotting of cell lysates with phospho-Aktspecific polyclonal antibody revealed that insulin stimulated a
six- to sevenfold increase in Akt phosphorylation in control
cells transfected with the scrambled siRNA. In cells transfected with the Nox4-specific siRNA, however, insulin-stimulated Akt phosphorylation was decreased by 35 to 48% (P ⫽
0.007) compared to the control response (Fig. 7).
Effect of expression of recombinant Nox4 and PTP1B constructs on Erk1 and Erk2 MAPK activation. Compared to cells
transduced with the control adenovirus, insulin-stimulated
phosphorylation of both Erk1 and Erk2 was decreased by 41 to
59% (P ⫽ 0.02) in cells expressing the Nox4 deletion constructs
and decreased by 38% (P ⫽ 0.002) in the cells overexpressing
wild-type PTP1B (Fig. 8). Overexpression of wild-type Nox4 or
the inactive PTP1B had no effect on insulin-stimulated Erk
phosphorylation, and the amount of Erk protein was not altered by the cell transductions.
Effect of expression of Nox4 cDNA constructs and siRNA on
insulin-stimulated glucose uptake. In cells transduced with the
control adenovirus, the basal glucose uptake in 3T3-L1 adipocytes was increased by 30% and was increased ⬃2-fold with
each of the recombinant Nox4 deletion constructs (Fig. 9A).
Following insulin stimulation, glucose uptake was increased by
3.9- and 3.0-fold over the basal level in the control, untransduced cells and in the ␤-galactosidase-transduced controls,
respectively. In the wild-type Nox4-overexpressing cells, the
level of insulin-stimulated glucose uptake was increased by
22% over the level in control cells (P ⫽ 0.05), but due to the
increase in basal uptake the degree of stimulation was reduced
to 2.4-fold. In 3T3-L1 adipocytes overexpressing the dominantnegative Nox4 ⌬FAD-NAD(P)H construct, the level of insulin-stimulated glucose transport was decreased by 32% compared to the wild-type overexpressing cells (P ⫽ 0.001), and the
level of insulin stimulation was markedly reduced to only 1.7fold compared to controls. Changes in insulin-stimulated glucose uptake with the Nox4 ⌬NAD(P)H construct were at an
intermediate level.
3T3-L1 adipocytes electroporated with the control, scrambled siRNA construct showed relatively high basal glucose
transport that was increased by 37% with insulin stimulation
(Fig. 9B). Cells transfected with the active Nox4 siRNAs exhibited a 30 to 44% reduction in basal glucose transport and a
similar drop in the level of insulin-stimulated glucose uptake.
Taken together with the Nox4 transduction studies noted
above, these results suggest that Nox4 overexpression helps
potentiate, and a reduction in Nox4 mass reduces, the level of
insulin-stimulated glucose transport in 3T3-L1 adipocytes.
Role of Nox4 in the modulation of insulin receptor tyrosine
phosphorylation by PTP1B. In order to determine if Nox4
interacted with PTP1B in its effect on insulin signal transduction, we cotransduced two recombinant adenoviruses to increase the level of expression of PTP1B and wild-type Nox4 or
the dominant-negative ⌬FAD-NAD(P)H construct (Fig. 5C).
As described above and shown in Fig. 5A, overexpression of
PTP1B alone reduced the insulin-stimulated autophosphory-
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FIG. 4. Effect of adenoviral expression of recombinant Nox4 and
PTP1B constructs on insulin-stimulated production of H2O2 in 3T3-L1
adipocytes. Seventy-two hours after transduction with the indicated
adenovirus constructs, differentiated 3T3-L1 adipocytes were starved
overnight in serum-free medium, loaded with CM-DCF-DA, and stimulated with 100 nM insulin for 5 min as described in Materials and
Methods. Intracellular H2O2 production was detected by fluorescence
of DCF in situ using confocal microscopy as reported previously (35).
*, P ⫽ 0.02; ***, P ⬍ 0.001 versus control.

1849

1850

MAHADEV ET AL.

MOL. CELL. BIOL.

Downloaded from mcb.asm.org at Thomas Jefferson Univ on December 5, 2007
FIG. 5. Effect of adenoviral expression of recombinant Nox4 and PTP1B constructs on insulin-stimulated tyrosine phosphorylation of the
insulin receptor ␤-subunit and IRS proteins. (A) Representative antiphosphotyrosine (4G10) and anti-insulin receptor ␤-subunit immunoblots of
3T3-L1 cell lysates transduced with adenovirus encoding wild-type Nox4 as well as two dominant-negative constructs lacking binding domains for
NAD(P)H or FAD/NAD(P)H or wild-type PTP1B and mutant PTP1B, following stimulation of serum-starved cells with 100 nM insulin for 5 min.
The migration positions of the tyrosine-phosphorylated insulin receptor ␤-subunit (95 kDa) are indicated as pY-IR-␤. Mean data for the
phosphotyrosine density of the insulin receptor ␤-subunit from replicate immunoblots quantitated using an ImageStation 440 (Kodak) are shown
in the bar graph. ***, P ⱕ 0.001 versus control ␤-galactosidase-encoding adenovirus-transduced 3T3-L1 adipocytes. (B) Samples identical to those
described in the legend for panel A were analyzed for phosphotyrosine content of IRS1/2 and IRS1 protein using antiphosphotyrosine antibodies
(4G10) and IRS-1 antibody following stimulation of serum-starved cells with 100 nM insulin for 5 min. The migration positions of the
tyrosine-phosphorylated IRS1/2 (⬃ 185 kDa) are indicated as pY IRS-1/2. Mean data for the phosphotyrosine density of IRS-1/2 from replicate
immunoblots are shown in the bar graph. **, P ⫽ 0.01; ***, P ⱕ 0.001 versus control cells transduced with the ␤-galactosidase-encoding adenovirus.
(C) Representative antiphosphotyrosine (4G10) and anti-insulin receptor ␤-subunit immunoblots of 3T3-L1 cell lysates transduced with adenovirus
encoding wild-type PTP1B or mutant PTP1B and cotransduced with adenovirus encoding Nox4 or the FAD/NAD(P)H Nox4 deletion construct
where indicated, following stimulation of serum-starved cells with 100 nM insulin for 5 min. Mean data for the phosphotyrosine density of the
insulin receptor ␤-subunit from replicate immunoblots are shown in the bar graph. **, P ⫽ 0.01; ***, P ⱕ 0.001 versus control cells transduced
with the ␤-galactosidase-encoding adenovirus. (D) Effect of reduction of Nox4 mass on insulin-stimulated tyrosine phosphorylation of the insulin
receptor ␤-subunit, as shown in representative antiphosphotyrosine (4G10) and anti-insulin receptor ␤-subunit (IR-␤) immunoblots of 3T3-L1 cell
lysates transfected with control (scrambled) or Nox4-specific siRNA oligonucleotides. Following stimulation of serum-starved cells with 100 nM
insulin for 5 min, cell lysates were prepared and SDS-PAGE and immunoblotting were performed. Mean data for the phosphotyrosine density of
the insulin receptor ␤-subunit from replicate immunoblots are shown in the bar graph. *, P ⫽ 0.05; **, P ⫽ 0.01 versus control transfected 3T3-L1
adipocytes.
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lation of the insulin receptor by 67%. Cooverexpression of
Nox4 along with PTP1B significantly diminished the effect of
PTP1B alone on insulin receptor ␤-subunit tyrosine phosphorylation by 46%. When cooverexpressed, the ⌬FAD-NAD(P)H
construct had no significant effect on the reduction of insulinstimulated receptor tyrosine phosphorylation by PTP1B overexpression (Fig. 5C).
In control experiments, neither overexpression of catalytically inactive PTP1B (mPTP1B) alone nor cotransduction of
Nox4 along with mPTP1B affected insulin receptor autophosphorylation (Fig. 5C), as observed in our studies described
above (Fig. 5A). In addition, cotransduction the ⌬FADNAD(P)H deletion construct along with mPTP1B inhibited
insulin receptor tyrosine phosphorylation by 40%, suggesting
that the underlying interaction between the dominant-negative
Nox4 homolog and the endogenous active PTP1B was retained, similar to the experiments shown in Fig. 5A.
Role of Nox4 in the modulation of PTP1B catalytic activity.
To determine whether Nox4 overexpression affected the activity of PTP1B, we transduced 3T3-L1 cells with active PTP1B
with and without cotransduction with active Nox4 and measured PTP1B activity specifically in immunoprecipitates using
anaerobic conditions to avoid artifactual enzyme oxidation and

FIG. 7. Effect of siRNA-induced reduction of Nox4 protein mass
on insulin-stimulated Akt phosphorylation in 3T3-L1 adipocytes. Results shown are representative anti-phospho-Akt and anti-Akt protein
immunoblots of 3T3-L1 cell lysates from cells transfected with control
(scrambled) or Nox4-specific siRNA oligonucleotides and following
stimulation of serum-starved cells with 100 nM insulin for 5 min as
described in Materials and Methods. The bar graph represents mean
data from replicate immunoblots after quantitation of signal density. *,
P ⫽ 0.05; **, P ⫽ 0.01; ***, P ⫽ 0.007 versus control 3T3-L1 adipocytes
transfected with the scrambled siRNA.

inhibition by air exposure (Fig. 10). As our investigators reported previously (35), insulin stimulation inhibited the endogenous activity of PTP1B in 3T3-L1 cells by ⬃50%, and viral
infection with the recombinant virus encoding ␤-galactosidase
had no nonspecific effects in control studies. In the absence of
insulin stimulation, transduction of recombinant human
PTP1B increased the activity in the immunoprecipitates by
52%, which was reduced by 53% in the cells that were cotransduced with the Nox4 enzyme. In the cells overexpressing
PTP1B without or with cotransduction of Nox4, insulin stimulation reduced PTPase activity in the PTP1B immunoprecipitates by 16 and 23%, respectively. These findings reveal a clear
association between the activity of PTP1B as isolated from the
intact cells and the activity of Nox4.
DISCUSSION
Many years prior to the identification of the insulin receptor
and the elucidation of its molecular mechanism of signal transduction involving receptor and substrate protein tyrosine phosphorylation, researchers had recognized that small oxidant
molecules and reagents that generated H2O2 in the cell culture
medium could mimic insulin action on glucose transport in
adipose cells (10, 33). The early studies of oxidants in insulin
signaling also demonstrated that H2O2 was actually elaborated
during treatment of cells with physiological levels of insulin,
raising the possibility that cellular H2O2 generation was coupled to insulin stimulation (11, 36). Studies from different
laboratories have since shown similar effects of other hormones, growth factors, and cytokines on the generation of

Downloaded from mcb.asm.org at Thomas Jefferson Univ on December 5, 2007

FIG. 6. Effect of adenoviral expression of Nox4 deletion constructs
and wild-type PTP1B on the association of the p85 subunit of PI
3⬘-kinase with IRS-1. Transduction of 3T3-L1 adipocytes with adenovirus, stimulation of cells with insulin, and preparation of lysates were
performed as described in the legend to Fig. 4. After immunoprecipitation of IRS-1 from the lysates as described in Materials and Methods, samples were separated by gel electrophoresis, transferred to
PVDF membranes, and probed overnight with antibody to the p85
noncatalytic subunit of PI 3⬘-kinase. After stripping, PVDF membranes were reprobed with the IRS-1 antibody for normalization. The
upper panel shows a representative immunoblot, and the bar graph in
the lower panel represents the p85 subunit binding to IRS-1 protein
from replicate immunoblots after quantitation. **, P ⬍ 0.01; ***, P ⬍
0.001 versus control ␤-galactosidase-encoding adenovirus-transduced
3T3-L1 adipocytes.
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reactive oxygen species and their potential involvement in signaling pathways in a variety of effector cell types (3, 15, 20, 21).
In their initial biochemical characterization of this process,
Mukherjee and Lynn provided evidence that adipocyte plasma
membranes contained an NAD(P)H oxidase activity that was
activated by insulin (38). Later, Krieger-Brauer and colleagues
further demonstrated that within minutes, physiological concentrations of insulin stimulated H2O2 production by isolated
human fat cells due to a plasma membrane-bound Mn2⫹dependent NAD(P)H oxidase enzyme (26, 28) that was also
present in 3T3-L1 adipocytes (27).
In the present work, we have initiated a molecular approach
to the identification of the insulin-stimulated cellular
NAD(P)H oxidase activity expressed in the insulin-sensitive
3T3-L1 adipocyte model system. The identification of a small
subfamily consisting of five mammalian NAD(P)H oxidase catalytic subunits (Nox1 to Nox5) homologous to the catalytic
subunit of the respiratory burst oxidase, an NAD(P)H-dependent, superoxide-generating enzyme present in phagocytes
known as gp91phox or Nox2 has facilitated our testing of the
potential involvement of individual candidate enzymes as effectors of the insulin-stimulated cellular production of H2O2
(8). Each of the Nox family gp91phox homologs encodes a
protein of ⬃65 kDa and contains five to six conserved pre-

FIG. 9. Effect of adenoviral expression of recombinant Nox4 or
PTP1B or siRNA-induced reduction in Nox4 protein mass on insulinstimulated glucose uptake in 3T3-L1 adipocytes. (A) After differentiation, 3T3-L1 adipocytes were transduced with adenovirus encoding
␤-galactosidase as a control, wild-type Nox4, or constructs lacking
binding domains for NAD(P)H or FAD/NAD(P)H as shown and serum starved for 2 h prior to stimulation with 100 nM insulin and
measurement of glucose transport by the uptake of 2-deoxy-D-glucose
as described in Materials and Methods. (B) Glucose transport measured in differentiated 3T3-L1 cells after transfection with control
(scrambled) or Nox4-specific siRNA oligonucleotides as shown. *, P ⬍
0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001 versus control cells stimulated with
insulin.

dicted transmembrane ␣-helices containing putative heme
binding regions and a flavoprotein homology domain containing predicted binding sites for both FAD and NAD(P)H. The
Nox homologs exhibit unique patterns of cellular expression:
Nox1 is predominantly expressed in colon and vascular smooth
muscle cells; Nox3 is expressed primarily in fetal tissues; Nox4
is expressed in kidney, placenta, and glioblastoma cells; and
Nox5 is expressed in spleen and uterus (8). Since we found that
Nox4 mRNA expression was relatively abundant in adipose
tissue, 3T3-L1 adipocytes, and HepG2 hepatoma cells (unpublished data), in the present work we evaluated whether Nox4
played a role in cellular insulin-induced oxidant production
and insulin signaling. Indeed, using Nox4 deletion constructs
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FIG. 8. Effect of adenoviral expression of recombinant Nox4 and
PTP1B constructs on Erk1 and Erk2 MAPK activation in 3T3-L1
adipocytes. Representative anti-phospho-MAPK and anti-MAPK protein immunoblots of lysates from 3T3-L1 cells transduced with the
indicated adenoviral constructs are shown. Following stimulation of
serum-starved cells with 100 nM insulin for 5 min, cell lysates were
prepared and immunoblotting was performed with a monoclonal antibody to detect phospho-MAPK (ERK1/2) or anti-MAPK protein
antibody. (Upper panel) Representative immunoblots demonstrating
the phosphorylation state of MAPK and the MAPK protein level.
(Lower panel) Mean data from replicate immunoblots as shown in the
upper panel after quantitation of signal density. *, P ⫽ 0.05 versus
control ␤-galactosidase-encoding adenovirus-transduced 3T3-L1 adipocytes.
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that function in a dominant-negative fashion as well as confirmatory studies using siRNA loading to reduce Nox4 abundance, our data indicate clearly that Nox4 is involved in the
generation of H2O2 by insulin stimulation of differentiated
3T3-L1 adipocytes.
In addition to effects on insulin-stimulated H2O2 generation,
manipulation of Nox4 impacts significantly on both early and
late events in insulin signal transduction, including insulinstimulated insulin receptor and IRS-1 tyrosine phosphorylation, and the activation of downstream serine kinases and glucose uptake. Thus, the effects of Nox4 on insulin signaling are
likely to be mediated by its effects on cellular oxidant generation, which our investigators have previously shown to modulate autophosphorylation of the insulin receptor and its major
postreceptor substrates upstream as well as downstream signaling through the activation of cellular glucose transport (34,
35). Furthermore, we and others have shown that an endogenous oxidant signal is integral to the cellular activation of Akt
via the upstream stimulation of PI 3⬘-kinase (34, 43), which we
have demonstrated in the present work is also attenuated by
interference with Nox4 abundance or function.
The Nox4 deletion constructs lacking NAD(P)H or FAD/
NAD(P)H cofactor binding domains appear to act in a dominant-negative fashion, inhibiting the generation of cellular
H2O2 and insulin signaling, perhaps by interfering with coupling of the insulin receptor signal to endogenous Nox4. Besides the identification of a role for Nox4 as a component of
the oxidant-generating system in 3T3-L1 cells reported here,
little is known about additional components of this signaling
complex that may have a regulatory role in insulin-sensitive cell

types. The well-characterized NAD(P)H oxidase complex from
phagocytic cells has a multisubunit structure, including plasma
membrane and cytosolic components whose complex formation is highly regulated and tightly coupled to enzymatic superoxide production (1). Thus, overexpression of Nox4 with
the deleted cofactor domains may inhibit the formation of a
functional NAD(P)H oxidase complex in the 3T3-L1 system. A
more detailed characterization of additional components of
adipocyte Nox interaction proteins will help elucidate these
regulatory mechanisms. Several groups have recently reported
the cloning of Nox-interacting subunit proteins in nonphagocytic cells that have dramatic effects on the regulation of superoxide production by Nox1 (e.g., reference 4). These, or
related proteins, may have a role in the regulation of Nox4
function in insulin and growth factor signaling. Also, small
GTPases or heterotrimeric G-proteins may be involved in cellular oxidant production: rac has been shown to be a regulatory
component of the phagocytic NAD(P)H oxidase complex (1),
and evidence for the involvement of G␣i2 in the adipocyte
oxidant-generating system responsive to insulin has been reported (29).
Several cellular targets of H2O2 produced by growth factor
stimulation have been identified, and our understanding of
their role in signal transduction is beginning to unfold (24, 46).
One of the major effects of oxidants that mimic insulin action
involves the inhibition of thiol-dependent cellular enzymes,
including PTPases, that modulate various steps in signal transduction from the insulin receptor (34, 35) as well as several
other growth factor receptor-induced tyrosine phosphorylation
cascades (31, 37). PTP1B is an intracellular PTPase that has
been implicated in the regulation of insulin signaling in cellular
and transgenic mouse studies (reviewed in references 18 and
44). Consistent with these reports, we found that PTP1B overexpression consistently reduces insulin-stimulated tyrosine
phosphorylation of its receptor and IRS-1 (Fig. 5A to C). In
addition, the effect of PTP1B on insulin signal transduction as
well as the catalytic activity of PTP1B itself as isolated from the
3T3-L1 adipocytes following adenovirus-mediated gene delivery was markedly diminished by overexpression of Nox4 (Fig.
5C and 9). These results provide an important mechanistic link
between the insulin-stimulated oxidant-generating machinery
and PTP1B as a target of oxidative inhibition. Additional signaling molecules that are potential targets of oxidative inhibition via the Nox4 pathway are other key mediators of growth
factor signaling, including, for example, the tyrosine phosphatase TCPTP (17) and the 3⬘-PI(3,4,5)-PO4 phosphatase PTEN
(32).
Further work will be needed to identify additional proteins
that may have a role in the Nox4 signaling complex and to
define the mechanism of coupling oxidant generation via Nox4
to the insulin receptor signaling cascade. This active area of
research holds promise to define on a molecular basis a novel
regulatory system for insulin action that was initially identified
by observations made more than 30 years ago.
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FIG. 10. Effect of adenoviral expression of recombinant PTP1B
without or with Nox4 on the endogenous catalytic activity of PTP1B in
3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were transduced
with adenovirus encoding ␤-galactosidase as a control or wild-type
PTP1B without or with cotransduction of recombinant active Nox4 as
shown. Cells were serum starved for 2 h prior to stimulation with 100
nM insulin for 5 min. Cell lysates were immunoprecipitated with a
specific antibody for PTP1B, and PTPase activity of the adsorbed
enzyme was measured under an insert atmosphere by hydrolysis of
para-nitrophenyl phosphate as described in Materials and Methods.
***, P ⬍ 0.001 versus the respective control samples without or with
insulin.
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